We report on the mapping of quantum-Hall edge states by quasiresonant photovoltage measurements using a near-field scanning optical microscope. We have observed fine structures near sample edges that shift inward with an increase in magnetic field in accordance with the shift of the positions of the quantum-Hall edge states. We have found a transition from the weak disorder regime where compressibleincompressble strips are visible to the strong disorder regime where fluctuations smear out incompressible strips. DOI Quantum-Hall edge states [1, 2] are formed by the intersect of electrostatic potential with the Fermi level near the edge of the two-dimensional electron system (2DES) in a magnetic field. Screening leads to the formation of the region of constant electrostatic potential and of smoothly varying electron density, known as compressible strips, and the region of constant electron density with a finite energy gap (Á) at the Fermi level, known as incompressible strips. In the vicinity of the edge, the screening is reduced due to a stepwise decrease in local electron filling factor L . The screening properties are strongly modulated spatially by the formation of quantum-Hall edge states. Because of disorder the existence of alternating strips of compressible and incompressible liquids is not a prerequisite for the quantum-Hall effect [3] . Efros argued that the ratio of the energy gap Á and the energy scale of a random potential W measures a condition for the observation of alternating strips of compressible and incompressible liquids [3] .
The spatial distribution of quantum-Hall edge states is thus an interesting problem to explore. While the existence of the edge states was confirmed indirectly by transport measurements [4, 5] , the condition for observation of the edge states and the details of the potential and density profiles are still unclear experimentally. Continuous effort has been made, therefore, to directly probe alternating strips of the edge states, for example, by scanning single electron transistors [6] , subsurface charge accumulation [7] , scanning force microscope [8] [9] [10] , and scanning tunneling spectroscopy [11, 12] . Scanning gate microscopy [13, 14] has been used to image electron flow from a quantum point contact in magnetic fields. Those methods detect spatial profiles of charge densities or electrostatic potentials and were unable to discriminate energy levels. The ability to access states at a specific energy is one of the advantages of local probe methods based on optical excitations [15] [16] [17] [18] . Previous investigations, however, do not utilize most of this feature since the photon energy was above the band gap of the AlGaAs barrier layer. Moreover, the spatial resolution of the order of microns [15] [16] [17] [18] was not sufficiently high to resolve the edge states.
Here we report on the mapping of quantum-Hall edge states by quasiresonant photovoltage (PV) measurements using a near-field scanning optical microscope that permits energy selectivity to probe the edge states. By tuning the optical excitation energy, one can select to excite only the edge region or both the edge and the bulk regions of 2DES. Furthermore, by using a near-field optical probe, a spatial resolution of about 100 nm has been achieved. These enable us to resolve fine structures characteristic to the quantum-Hall edge states.
The sample was a standard Hall-bar structure of a GaAs=AlGaAs modulation-doped single heterojunction (SHJ) with a density of 4:6 Â 10 15 m À2 after illumination and a mobility of 178 m 2 =V s. The 2DES was located 90 nm from the surface. The width and the length of the Hall bar were 25 and 300 m, respectively. Our near-field scanning optical microscope is equipped with a tube piezoscanner and an XYZ piezoelectric inertial sliding drive stage. The sample on the scanning stage was illuminated with a laser light through a double tapered optical fiber probe [19] under a shear force feedback control in a dilution refrigerator with a base temperature of 70 mK, as schematically shown in Fig. 1(a) . The scanning range of the tube piezoscanner was 2:1 m at 200 mK. The local optical excitation power under the probe aperture with a diameter of about 100 nm was kept to be less than 1 nW in order to avoid the generation of hot carriers. There were a total of six contacts fabricated to the Hall bar. A PV between contacts 1 and 2 at each end as shown in Fig. 1 (a) was amplified by a differential preamplifier, and was measured synchronously with a lock-in-amplifier at 159 Hz modulated by an optical chopper. Four other contacts on each side of the Hall bar were floating. Measurements were performed at the sample temperature of 200 mK unless otherwise denoted. Details of experimental setup can be
week ending 16 DECEMBER 2011 0031-9007=11=107 (25)=256803 (5) 256803-1 Ó 2011 American Physical Society found elsewhere [20] . The change of the electron density due to local optical excitation was negligibly small because of the small excitation power and of the excitation energy lower than the band gap of the AlGaAs barrier layer. Hot carriers were also not generated electrically because the photocurrent was less than 1 pA. A cross-sectional profile of PV across a Hall-bar structure is shown in Fig. 1 (b) at magnetic field B ¼ 1:98 T and electron filling factor ¼ 9:55 at the excitation energy (E p ) of 1.5194 eV and the sample temperature T ¼ 200 mK. We take B > 0 as magnetic field direction that penetrates from the front to the rear surface of the sample. The measurement was performed step-by-step by moving an inertial sliding drive stage to cover 25 m width of the Hall-bar structure. Large and sharp PV signals are observed near the edges with the polarity of PV signals different at opposite edges in agreement with the previous observations [16, 18] . The position of the edge in Figs. 1(b)-1(d) was determined by a topographic image of the mesa structure. We checked that the PV profiles were not affected by reducing the excitation power by 2 orders of magnitude. The smaller and broader PV signals are observed in the bulk region of the Hall-bar structure. The sign of these PV signals changes in the middle of the Hallbar structure. Mappings of PV near the edge of the Hall-bar structure and their spatial derivative dV=dx are shown in Figs. 1(c) and 1(d) at B ¼ 2:02 T. Fine structures in PV signals parallel to the edge are observed within 1 m from the edge. We show that these structures mark the formation of the alternating compressible and incompressible strips in what follows. We confirmed that the PV changes its sign in reversing B. Large dV=dx is observed when the laser spot is located at the incompressible strip, where potential gradient in the x direction is large, and positive and negative values of dV=dx at 1 m < x < 2 m are repeated at a period of 2, as will be shown later. These observations agree with the Chklovskii, Shklovskii, and Glazman's (CSG) model [2] . Fluctuations of PV in the y direction in Figs. 1(c) and 1(d) are due to disorder in the potential induced by the remote ionized donor distribution [21] .
The optical excitation energy dependence of crosssectional intensity profiles of PV and that of peak PV are shown in Figs. 2(a) and 2(c), respectively. Measurement of electric conductance under monochromatic light irradiation is a well-established method to obtain the optical absorption spectrum [22] . PV signals are observed at the excitation energy above 1.5083 eV, which corresponds to the onset of the absorption of GaAs SHJ (E 0 ) at the center of Hall bar. This indicates that the interband transition between the valence-and the conduction band is responsible for the PV signals. The PV increases, exhibits a peak at 1.5159 eV, and then saturates reflecting the twodimensional electron density of states with an increase in the excitation energy as shown in Fig. 2(c) . When the tail of the absorption peak at 1.5120 eV is optically excited, PV is observed only in the region within 0:5 m from the edge. As schematically illustrated in Fig. 2(b) , there are six edge Fig. 2(b) . The five outer-edge states are not resolved, partly due to the lifetime broadening of the energy of the optically created electron-hole pair that dissociates rapidly by the strong vertical electric field and partly due to the limitation of the spatial resolution. Half-width w of PV is plotted as a function of photon energy in Fig. 2(d) . It is seen that w increases with an increase in the excitation energy and saturates at around 1.518 eV as seen in Fig. 2(d) . This behavior reflects the difference in the optical transition energies and the positions of the edge states. As the excitation energy increases, the number of the involved edge states increases from outer to inner edge states successively, and w increases. When the excitation energy reaches up to 1.518 eV, the innermost-edge state with the highest optical transition energy finally contributes to the PV and then w saturates. The optical excitation power dependence measurement shows that w is nearly constant at 2 orders of magnitude of the excitation power. The observed change in the profiles of PV cannot be explained by the increase in carrier temperature. The profiles of PV in Fig. 2(a) thus probe the electrostatic potential near the edge, i.e., the softness of the confinement potential.
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Temperature dependence of cross-sectional intensity profiles of PV is shown in Fig. 3 at the excitation energy of 1.5194 eV. Two features are seen: first, there are structures that can only be identified at low temperature near the edge, and second, the overall PV profile shifts to a negative direction with an increase in temperature. The structures in the PV profile which are only identified at a low temperature near the edge are most likely due to direct optical excitations to the quantum-Hall edge states [1, 2] . These structures are smeared out with an increase in temperature. The overall shifts of the PV profile to a negative direction may be due to temperature dependence of xx and/or unknown temperature dependence of the voltage contacts.
In order to further confirm the above findings, we have investigated how mappings of PV develop with magnetic field. Figure 4(a) shows magnetic field dependence of mapping of the derivative of PV when the sample is excited at 1.5194 eV above the first absorption peak in Fig. 2(c) . It can be seen that two strips are observed at B > 1:94 T, and they shift inward with an increase in B. We consider this region as a small fluctuation regime (Á > W). The position of incompressible strips by the CSG model is given by
where L ðx k Þ is a local filling factor, and
is a depletion layer thickness. d 0 is estimated to be 134 nm by using E F ¼ 16:6 meV, a B ¼ 10 nm, and V 0 ¼ 0:7 eV, where V 0 is taken to be the potential difference between 2DEG and an outside mesa. x k as plotted in Fig. 4(a) explains our observation well. Based on the Onsager-Casimir reciprocity theorem [24] , the PV profile reflects the potential profile [18] . The derivative of the electrostatic potential shows a maxima at the incompressible strip. In the lower magnetic field of B < 1:58 T, however, we cannot identify two strips. Moreover, an inward shift of PV profiles with an increase in magnetic field is unclear. We consider this region as a large fluctuation regime (Á < W). The random potential due to fluctuations in donors is considered to smear out incompressible strips [3] . Our observations in Fig. 4(a) thus agree with the CSG model and the theory by Efros. Figure 4 (b) shows magnetic field dependence of mapping of PV when the sample is excited at 1.5120 eV near the onset of the absorption. The PV signals appear only near the edge in all magnetic fields because only the outeredge states can be excited at 1.5120 eV. Surprisingly, Fig. 4(b) shows both positive and negative PV signals depending on and PV signals disappear at both even and odd , unlike the results in the literature where the sign of the PV does not change when sweeping the magnetic field across the quantum-Hall minimum and vanishingly small PV was observed only at even [18] .
In the case of slightly smaller than even numbers, positive PV is observed, the same sign of PV as in Figs. 1(b) and 2(a). The tunneling distance between the uppermost Landau level and the bulk states is small, and hence, the coupling between edge and bulk is large [18, 25, 26] . When the right side of the edge is illuminated, the optically created electrons is accelerated by the strong lateral electric field at the edge to the left. The electrons diffuse to the opposite left edge states by relaxing energy. The probability of the optically created electrons to reach the left edge states is larger than the probability of the electrons to be captured in the right edge states. Because the diagonal conductivity xx is small in the quantum-Hall effect, the Hall current balances the diffusion current. This results in a larger chemical potential at the left side than the right side [16] . The chemical potential at the right side is in equilibrium with the contact 2 as shown in Fig. 1(a) when the magnetic field penetrates from the front to the rear surface. The positive PV signals are thus explained.
In the case of slightly larger than even numbers, negative PV is observed as shown in Fig. 4(b) . The tunneling distance between the uppermost Landau level and the bulk states is large, and hence, the coupling between edge and bulk is small [18, 25, 26] . Then the optically created electrons at the right side of the edge with small optical excess energy cannot diffuse across the bulk state. This induces a local increase of the electron density at the right side of the edge. This results in a larger chemical potential at the right side than the left side. The negative PV signals in Fig. 4(b) are explained by this model. These fine and alternating structures in PV have not been observed in the previous studies, since samples were illuminated by laser at the energy larger than the band gap of AlGaAs barrier layer [16] [17] [18] . In our measurement, very small excess energy of electrons, as well as high-resolution measurement, is an essential key to map the detailed structures of the edge states.
In summary, a high-resolution mapping of quantum-Hall edge states has been performed by locally creating electrons with small excess energies with a near-field scanning optical microscope. We have observed fine structures parallel to the edge in PV signals, which appear only at low temperature. We have shown that the optical excitation position can be selected by tuning the optical excitation energy. The dependent PV signals are explained by the oscillation of the tunneling distance between edge and bulk with . Magnetic field dependence of mappings of PV shows both a large fluctuation regime where the inward shift of PV profiles is unclear and a small fluctuation regime where the fine structures shift inward with increase in B. Overall, we have demonstrated that it is possible to create electrons with controlled excess energy at an arbitrary position. We believe that direct mapping of the quantum-Hall edge states is a crucial step toward imaging of a fractional quantum-Hall phase [27] or a quantum anomalous Hall phase [28] .
We appreciate fruitful discussions with Y. Hatsugai. This work was partly supported by Kakenhi DYCE No. 20104005, No. 20221007, and No. 21340076 .
Note added in proof.-Recently, we became aware of related work by another group [29] .
